The Carboneras Fault Zone (CFZ), is a major NEeSW trending tectonic lineament in SE Spain. Active from upper-Miocene to Recent times, it separates the volcanic Cabo de Gata terrain to the SE (accumulated over 18e6 Ma BP) from the tract of uplifted Alpine metamorphic basement blocks and post-orogenic basins that comprise the Betic Cordilleras lying to the NW. New geological mapping and age determinations have been used to constrain the geometry and geological history of the fault zone.
Introduction
The left-lateral strike-slip Carboneras Fault Zone (CFZ), in the south-east of the Iberian peninsula, displaces metamorphic basement rocks of the Betic Cordilleras against Miocene calc-alkaline volcanic rocks ( Fig. 1) (Rutter et al., 1986; Sanz de Galdeano, 1990; Turner et al., 1999; Scotney et al., 2000) . It also affects Miocene and Pliocene rocks of the north-eastern part of the Nijar basin. Its onshore outcrop has also been termed the Serrata fault (e.g. Boorsma, 1992; Huibregtse et al., 1998) . Here we shall refer to the entire onshore fault zone as the Carboneras Fault Zone (CFZ). The total displacement across the CFZ is not precisely known, but is locally expected to be more than 15 km, principally to account for the lack of preservation of Miocene volcanic rocks on the NW side of the fault zone where it is not buried beneath Pliocene deposits. A related system of left-lateral strike-slip fault segments also extends further north-east, including the Palomares and Alhama de Murcia faults (Fig. 2) , the latter extending almost as far north-east as Alicante.
The NEeSW trending fault zone extends southwards across the Alborán Sea basin (LeBlanc and Olivier, 1984; De Larouzière et al., 1988; Grácia et al., 2006) , where it is one of a group of perhaps linked faults that has been termed the trans-Alborán shear zone, extending into north Africa as the Nekor and Jebha faults. The great length of this complex of strike-slip faults (450 km) probably implies that the faulting extends right through the continental crust and into the upper mantle, and by implication might be expected to play an important role in the Neogene geodynamic evolution of the western Mediterranean. Of these fault segments the CFZ is particularly well exposed at its north-eastern end. To understand the geodynamic role of the fault system requires a clear appreciation of its structure and geological history in the Carboneras segment.
Geological maps from previous studies in the north-eastern part of the outcrop of the CFZ cover all or part of this area in varying degrees of detail (e.g. Westra, 1969; Garcia Monzón et al., 1974; Rutter et al., 1986; Van der Poel, 1992; Keller et al., 1995; Huibregtse et al., 1998; Scotney et al., 2000; Fortuin and Krijgsman, 2003; . In this paper we report the results of new geological mapping of the exposed part of the CFZ, mainly at a scale of 1:10,000 but sometimes at larger scale. This is augmented with new 40 Are 39 Ar dating of rocks of the volcanic sequence. We believe that the present mapping provides the basis for a first coherent interpretation of the geological history of the area and its place in the overall geodynamic scheme.
This study forms part of a collaborative program to investigate the in-situ seismic properties of a large fault zone using highresolution seismic tomography in a region where the results of the seismic studies can be verified by direct geological observation. We previously reported detailed studies of the structure of the fault rocks of the CFZ (Rutter et al., 1986; and measurements of the permeability to fluids (gas and water) of the fault gouges Rutter, 2000, 2003) . These have now been complemented by laboratory measurements of acoustic wave velocities with forward modelling to account for crack arrays and in order to permit comparison with our in-situ seismic studies. These results will be presented in due course.
The geodynamic framework of which the fault system forms part is set out, followed by a description of structural and stratigraphic relations in the main rock groups of the area. These comprise the basement rocks, the volcanic rocks of the Cabo de Gata series, the post-orogenic sedimentary rocks, and a description of how the area can be divided into lithotectonic blocks bounded by major faults and unconformities, emphasizing the lithostratigraphic differences to the NW and SE of the CFZ. The fault zone itself and its rock products are described, and the observations are collected into an interpretive summary of the temporal and geometric evolution of the area and of its regional tectonic significance.
Grid references of particular localities mentioned in the text and used on Fig. 3 are given in the UTM (Universal Transverse Mercator) coordinate system that is used on the IGN (Instituto Geográfico Nacional) topographic maps, European 1950 datum.
Geodynamic framework
The deep-seated deformation and metamorphism of the internal zone of the Betic Cordilleras culminated during early Miocene time (25e20 Ma BP) with rapid tectonic unroofing and cooling of metamorphic basement rocks by extensional collapse of the orogen (Platt and Vissers, 1989; Zeck, 1996; Platt and Whitehouse, 1999; Vissers, 2012) . For the subsequent Miocene through Recent evolution of the region, the scheme proposed by Lonergan and White (1997) and further elaborated by Gutscher et al. (2002) , Faccenna et al. (2004) , Gutscher (2012 Gutscher ( , 2012 seems best compatible with the present day structure and seismicity, and with studies of the Neogene tectonics of the Betic Cordilleras (e.g. Booth-Rea et al., 2004; Sanz de Galdeano and Alfaro, 2004; Sanz de Galdeano and Buforn, 2005; Martínez-Martínez et al., 2006; Meijninger and Vissers, 2006; Grácia et al., 2006; Giaconia et al., 2011) . Fig. 2 shows in outline the model which is based on NEeSW stretching of the Betic zone crust and underlying lithospheric mantle to the NW of the CFZ as a result of SW-directed rollback of a short segment of steeply descending subducted lithosphere. Its present position is immediately beneath the western Betic-Gibraltar-Rif arc, with a presently active arcuate submarine accretionary wedge offshore to the west. Interpretation of present-day mantle seismic anisotropy in terms of the flow field and tomographic modelling supports these conclusions (Diaz et al., 2010) . Gutscher (2012) suggests that the segmented left-lateral fault system comprising the Alhama de Murcia fault, the Palomares fault, the Carboneras fault, the elements of the submarine trans-Alborán shear zone and the Jebha and Nekor faults form the south-eastern wall of the back-arc extended region, whilst the right lateral system represented by the Crevillente fault (LeBlanc and Olivier, 1984; Sanz de Galdeano and Buforn, 2005; Meijninger and Vissers, 2006) forms the northern wall. These two fault systems therefore act as lateral detachments or transform faults that separate the Betic wedge from different strain regimes to the north and south. Within the Betic wedge there has been NNWeSSE shortening, presumably associated with the general convergence of the African plate towards Iberia, together with the NEeSW directed extension provoked by the slab rollback. Paleomagnetic evidence supports these relative movements, showing that clockwise rotations have affected upper crustal units on the northern edge of the wedge and counter-clockwise rotations on the south side Platzman, 1992; Chalouan and Michard, 2004) , although Calvo et al. (1994) reported both senses of rotation in the volcanic rocks lying to the SE of the CFZ. The deformation regime implies that when the rollback started and there had been less NWeSE convergence than now, the opening angle of the wedge would have been substantially greater than we see it at present. Gutscher (2012) estimate the late-Serravallian to early-Tortonian position of the downgoing slab to have been about 150 km NE of its present position, implying about 30e50% stretching of the Betic crust and an average rollback velocity on the order of 15e20 mm/a. This starting point is consistent with the position of the calc-alkaline volcanic arc of the Cabo de Gata and east Alborán Sea regions, the activity of which reached its peak at about that time.
SWeNE stretching of the Betic upper crust was accommodated by displacements on low-angle extensional faults affecting the basement metamorphic rocks during the middle Miocene and later via low-angle extensional faults affecting postorogenic sediments (with SWeNE displacements) often forming linked systems with nearly strike-slip transfer faults (García-Dueñas et al., 1992; Booth-Rea et al., 2004; Martínez-Martínez et al., 2006; Meijninger and Vissers, 2006; Giaconia et al., 2011) . The progressive development and evaluation of the rollback model and the role in it of the Carboneras fault system as a lateral detachment fault requires detailed information on the history and geometry of the system such as is developed in this paper.
The basement rocks
The structurally-lowest part of the metamorphic basement (see main map, Fig. 3 ) consists dominantly of upper greenschist facies graphitic mica schists and quartzites that comprise the Nevado-Filabride Complex (Kampschuur and Rondeel, 1975; Torres-Roldán, 1979; Platt and Vissers, 1989; Lonergan and Platt, 1995) . These rocks display evidence of polyphase metamorphism extending to early Miocene time (Westra, 1969; Torres-Roldán, 1979; Sanz de Galdeano, 1990; Platt and Vissers, 1989; Vissers, 2012) . The rocks of the Nevado-Filabride complex throughout the region are overlain tectonically by lower-grade (lower greenschist facies) phyllites with subsidiary ferruginous quartzites, in turn overlain stratigraphically by pervasively mesofractured dolomitic carbonates that are sometimes interbedded with highly tectonized gypsum (e.g. GR 593968 4099528). This association is ascribed to the Alpujárride nappe (Westra, 1969; Kampschuur and Rondeel, 1975; Torres-Roldán, 1979; and the rocks are inferred to be Triassic in age (Platt et al., 2005) . This sequence is for the most part gently dipping throughout the Betic Cordilleras but is heavily dissected by erosion, such that the generally gentlydipping dolomitic unit often forms the capping on hilltops, or indeed entire upland ranges, e.g. the Sierra Cabrera (Garcia Monzón   et al., 1974) . Dolomites overlying non-metamorphic red sandstones and siltstones also form an additional thin tectonic slice on the southern side of the CFZ and elsewhere in the region, and have been ascribed to a highest level tectonic unit, the Maláguide unit (Lonergan, 1993) . That the contact between the remains of these tectonic units outcrop at similar topographic levels to the north and south of the CFZ suggests strongly that the main movements on the CFZ are close to pure strike-slip.
The structurally highest (non-metamorphic) tectonic slice, sometimes resting directly on metamorphic basement rocks in the CFZ, contains massive carbonates and carbonate breccias bearing Cretaceous/Palaeogene fossils, and boulder beds derived from the erosion of non-metamorphic Triassic sediments. These rocks too can be ascribed to part of the Maláguide tectonic unit. These three structurally superimposed tectonic units are marked by upward stepwise decreases in metamorphic grade, which has been interpreted as evidence for superposition in an extensional tectonic regime, such that parts of the metamorphic sequence have been excised (Platt and Vissers, 1989; Lonergan and Platt, 1995) .
Stratigraphic constraints require this initial stage of extensional deformation to have occurred during early Miocene times (Aquitanian and Burdigalian), and such tectonic unroofing of deeper metamorphic units helps to explain geochronological evidence for very rapid cooling and depressurization of the metamorphic pile during Burdigalian (22e18 Ma) time (Zeck, 1996 (Zeck, , 2004 Monie et al., 1991; Platt and Vissers, 1989; Platt and Whitehouse, 1999; Vissers, 2012) .
In the basement rocks near Carboneras, these generally lowangle extensional tectonic contacts (e.g. GR 596407 4098883 and The displacements of the CFZ, on the other hand, are of younger Miocene ages than the late-orogenic extensional faulting, but texturally-similar fault rocks of the two events can sometimes be found in contact with each other, giving the impression that the CFZ rocks have a wider outcrop than is really the case (e.g. GR 597124 4099356 and 599920 4101188).
The metapelitic rocks of the basement units display a penetrative schistosity, mostly ENE trending, that is axial-planar to (rarely seen) tight to isoclinal folds of bedding in the Nevado-Filabride schists. In the phyllites and quartzites of the Alpujárride units larger-scale folds, tens to hundreds of metres in wavelength with axial-planar schistosity can be mapped (e.g. around GR 599320 4101612, on cross-section line DeD 0 , Fig. 7 ). The schistosity in both of these units was subsequently affected by the formation of an extensional crenulation cleavage mostly recording top to the north shear sense, and then folded about approximately ENE trending near-horizontal axes (Figs. 3 and 4). All of these structures are cut by NE trending faults of the CFZ, and there is no reason to believe that the formation of the folds of schistosity is directly related to the left-lateral movements on the CFZ.
The Carboneras fault system
The Carboneras fault system cuts all the basement rocks plus the volcanic units and almost all the components of the postorogenic sedimentary rock sequence, although progressively younger rocks are less affected by the faulting. The CFZ in the basement rocks consists principally of two strands of fault rock (Figs. 3 and 4), respectively the northern and southern strands of the CFZ, with subsidiary fault strands between them ( Fig. 3 ; . The two bounding faults enclose a tract of significantly higher grade basement schists, bearing staurolite, andalusite and sillimanite, locally migmatitic with minor granitoids that yielded w20 Ma ages (GR 597388 4099444 and 598084 4099960) (Platt and Whitehouse, 1999) . Incorporation by strikeslip movements of these distinctive basement rocks between the two main faults of the CFZ over a distance of more than 10 km suggests that these fault strands have accommodated the largest displacements within the CFZ. To the north of these principal strands are two further long faults (here called fault A and fault B on Fig. 4 e to avoid any confusion with names used in earlier literature) that cut the older part of the postorogenic sedimentary sequence. They appear to have smaller displacements than the two main Carboneras faults (totalling w2 km on faults A and B, from displacement of the synclinal fold structure affecting Tortonian marls from the vicinity of El Saltador village (GR 595824 4099228) to the south flank of Cerro del Marques (GR 597188 4099904)). These latter faults may be slightly younger than the two main strands of the CFZ, because they are straighter, but the northern strand of the CFZ also cuts the U. Serravallian/L. Tortonian marls of the Saltador Formation. Example of a pulverized clast of white vein quartz in clay-bearing gouge derived from graphitic mica schist at GR 594264 4099110. The pulverized clast falls to a fine powder if disturbed, yet the near-equant overall shape suggests little finite strain has been accumulated. (c) Internal structure of fault rocks within the northern strand of the CFZ at GR 599569 4101238, looking NE. To the right phyllite-derived gouge (dark) displays a vertical foliation and included slabs of pulverized quartzite. To the left is cataclasite derived from the extreme fragmentation of sandstone.
The main displacements of the northern and southern strands of the CFZ are accommodated in fault gouge zones a few metres wide, principally derived from graphitic mica schist. These display spectacular internal structuring showing P/R 1 foliation (Rutter et al., 1986) relations that unequivocally indicate left-lateral strike-slip displacement sense ( Fig. 4 ). Within the fault gouge, at the grainscale feldspars and mechanically degraded micas are transformed to variably oriented clay minerals (Rutter and White, 1979; Rutter et al., 1986; Solum and van der Pluijm, 2009 ). The fault rock often displays fine-scale frictional wear slickenlines on the gouge foliation surfaces ( Fig. 5 ) and evidence of solution and redeposition (pressure solution) of embedded quartz clasts in the clay þ mica matrix (Rutter and White, 1979; Rutter, 1983) . These syntectonic mineral growth features in the fault gouge indicate that the microstructure was produced mainly by slow creep processes, which will also tend to obliterate any sharp, seismogenic slip surfaces that might have developed. The fault gouge mineralogy and frictional/brittle deformation features indicate that all fault activity occurred entirely in the uppermost 5 km or so of the crust.
Bearing in mind that there was insertion of a slab of high-grade metamorphic rocks between the two main (northern and southern, Figs. 3 and 4) CFZ fault strands, it is striking that there is no evidence of preservation of deeper-level mylonitic fault rocks that would explain the mechanics of incorporation of the high grade schists into their present level during early Miocene time. The present CFZ must have cut through and displaced basement rocks that had already been moved into a shallow crustal level. X-ray diffraction (XRD) analysis of clay-bearing fault gouges shows the Nevado-Filabride schist-derived gouges to be dominated by chlorite, muscovite and quartz, with traces of dolomite, kaolinite, illite and feldspar. Fault gouge derived from Alpujárride phyllite is dominated by chlorite, illite and muscovite, with hematite and traces of dolomite, calcite, feldspar and quartz. Stapel et al. (1996) and Booth-Rea et al. (2003) show a Gafarillos fault outcropping 6 km WNW from La Cueva del Pájaro, with a WNWeESE trend and forming the southern margin of the Sorbas basin but with a right-lateral sense of movement, and regarded it as a conjugate fault to the CFZ. Other authors have suggested this has a prolongation eastwards that forms part of the CFZ and lies to the NW of our Fault B (Keller et al., 1995; Huibregtse et al., 1998) . Fortuin and Krijgsman (2003) and Van der Poel (1992) show a lateral extension of the faulting that passes through Polopos (10 km to the west of Fig. 4 ) passing through basement schists substantially to the north of the area on Fig. 4 . Faulting that cuts the basement NW from the CFZ is likely to form part of the network that accommodates NE-SW extension within the Betic-Alborán belt.
Other fault systems
Our map (Fig. 3) shows that in the vicinity of Cueva del Pájaro a slab of generally south-dipping phyllites and dolomites of the Alpujárride tectonic unit lie upon graphitic mica schists (although the contact is locally overturned) of the Nevado-Filabride unit with low-grade fault gouge developed at the contact. Against the southern edge of the Alpujárride rocks, as a unit within the Nevado-Filabride complex lies a tract of white garnet-muscovite schist, chloritic shists and a banded calcite marble that together comprise the Arto complex of Westra (1969) . This tract of fault-bounded blocks and unusual basement rock types is unconformably overlain by the U. Tortonian/L. Messinian Azagador sandstone unit, therefore we infer that these fault contacts were developed as part of the early Miocene extensional faulting activity, rather than forming part of the U. Miocene CFZ. However, along the northern edge of the outcrop of Alpujárride rocks lie slivers of marls of the Tortonian Saltador Fm. (e.g. GR 594896 4099936), implying that some minor fault movements, perhaps reactivating pre-existing faults, occurred in this zone and was coeval with the main CFZ activity. Giaconia et al. (2011) demonstrated the existence of NEeSW directed, low-angle, synsedimentary extensional faulting active during Tortonian time in the nearby Sorbas basin to the NW. Individual extensional faults are hard-linked to each other via NE-SW trending strike-slip faults that are therefore of similar orientation and character to the CFZ. The CFZ, however, is a much longer system that, as amplified below, also features important magmatic activity of subcrustal origin, and should be regarded as a separate tectonic feature in its own right.
Pulverized clasts
In many places in the graphitic mica schist-derived fault gouges, fragments up to 5 cm diameter of white vein quartz, derived from the protolith, are found embedded in the black, claybearing fault gouge. These display varying degrees of pulverization such that in the most extreme state they are intensely fractured, falling to a powder of submillimetric particles if agitated ( Fig. 6b ). There is no obvious preferred orientation of the fractures in the clasts. Despite the highly fractured state, the vein quartz clast shape is usually near equidimensional, suggesting that little finite strain has been involved in the fragmentation process. This feature has been observed in other fault zones, prompting the suggestion that the damage arises from seismogenic stress waves passing through the rocks (e.g. Ben Zion and Shi, 2005; Billi and Di Toro, 2008; Mitchell et al., 2011) , and hence that these features could be regarded as paleoseismic indicators. In contrast, the microstructural features indicative of gouge flow, accompanied by lowgrade metamorphic reactions that result in growth of clay minerals, pressure solution, and an apparent tendency for gouge zones to widen rather than becoming more and more localized into a narrow zone, suggest that the aseismic creep is the dominant mode of displacement accumulation, perhaps punctuated by periodic seismogenic events on the faults locally developed in the more competent units such as the dolomites .
Effects of the faulting activity on the basement rocks
Apart from shear displacements across the faults of the CFZ, cutting across the schistosity and folded schistosity, there are often wide zones of cataclastic damage extending into the basement rocks for tens of metres on either side of the fault strand cores. Damage occurs on a wide range of scales of crack length, the longest of which disrupt the rock mass into blocks of metric dimensions that are displaced slightly against each other. In some cases the regional schistosity is deflected noticeably towards the main fault planes, e.g. in the sliver of country rock between the northern and southern strands of the CFZ near the coast.
The volcanic rocks
The (mainly) amphibole-and feldspar-phyric andesitic-dacitic volcanic rocks of the Cabo de Gata series include extrusive lavas and a wide range of volcaniclastic rocks. The CFZ itself ( Fig. 4 ) also hosts two substantial elongate intrusive bodies (on either side of the CFZ southern strand, centred on GR 593460 4097048 and GR 601572 4102220). These are several km long and up to 500 m wide. In addition, there are many vertical, thin (up to 5 m wide), NEeSW trending andesitic dykes that intrude the CFZ, which has acted as a conduit bringing intrusive rocks up to the surface. The Serrata ridge, lying some 10 km to the SW of the area mapped (Fig. 1) is a prominent uplift of intrusive and volcaniclastic rocks in the CFZ that is 7 km in outcrop length. At its north-eastern extremity basement phyllites and dolomites are lifted and arched over the top of an intrusive body, forming its roof. This is geometrically similar to the antiformal arching of basement and sedimentary cover rocks over the massive intrusive body that outcrops on the coast, at the north-eastern extremity of the CFZ (Figs. 3 and 4 ). We infer that eruptive centres developed along the trace of the CFZ, but any surface edifices have since been removed by erosion. Thus the rocks of the Cabo de Gata volcanic series play an important role in the evolution of the CFZ, and they are not to be regarded simply as older rocks cut by the faults of the CFZ.
Dating of the volcanic rocks
During this study we have obtained 11 new 40 Are 39 Ar radiometric dates from amphibole crysts in the volcanic series (summarized in Table 1 together with our previously reported dates in Scotney et al., 2000 , and shown in map view on Fig. 3) . These dates help to constrain movement periods on the CFZ.
Amphibole separates were prepared by lightly crushing bulk rocks, followed by hand-picking grains under a binocular microscope. Samples were washed in deionized water and acetone and dried under an infra-red heating lamp. Between 0.009 and 0.0012 g of samples were weighed, wrapped in aluminium foil and sealed in quartz ampoules together with the flux monitor Hb3gr (t ¼ 1073.6 AE 5.3 Ma, Jourdan et al., 2007) . Nuclear irradiation was carried-out in position B2W of the SAFARI-1 reactor at Pelindaba, South Africa with a fast fluence of w2 Â 10 18 n cm À2 . Argon was extracted from the samples using a Ta resistance furnace over the temperature interval 400e1600 C using 30 min heating steps. The Argon was purified using a SEAES NP10 getter at 250 C and transferred to the MS1 mass spectrometer for isotopic analysis. Blank levels were determined at three temperatures during the course of the experiments, in units of 10 À15 mol 40 Ar, these were: 22 AE 4 (600 C); 40 AE 9 (1000 C) and 97 AE 20 (1400 C). Blank corrections were typically w10% of most argon release steps. Raw data were corrected for blanks, mass discrimination (calibrated using atmospheric argon), radioactive decay and neutron interference. The latter were determined from pure CaF 2 and K 2 SO 4 salts included in the ampoule with the following values: ( 40 Ar/ 39 Ar) K ¼ 0.026 AE 0.023; ( 38 Ar/ 39 Ar) K ¼ 0.01243 AE 0.00002; ( 39 Ar/ 37 Ar) Ca ¼ 0.000666 AE 0.000003; and ( 36 Ar/ 37 Ar) Ca ¼ 0.000267 AE 0.000007. 40 Are 39 Ar stepped heating data and age spectrum diagrams are given in the Supplementary Data Table 1 and Supplementary Data Figure 1 . All ages are reported at the 2s level of uncertainty. Age spectrum and isotope correlation diagrams were produced using the Isoplot/Ex3.23 program (Ludwig, 2003) .
Age determinations coupled with stratigraphic relations show that the volcanic rocks can be divided into two groups: an older group formed between 18 and 13 Ma (BurdigalianeSerravallian) and which were deposited before the CFZ was active, and a younger, unconformable group formed between 13 and 6 Ma (SerravallianeMessinian), during the main stage of activity of the CFZ.
Stratigraphy of the volcanic rocks: the older group
The oldest in-situ volcaniclastic rocks (18 Ma, GR 599998 4100992) lie to the SE of the CFZ and are tilted to the vertical against its southern strand. They are roughly coeval with the metamorphic peak in sillimanite grade basement rocks against which they are now juxtaposed by fault movements (GR 598076 4099956). These volcaniclastic rocks represent the oldest eruptive rocks of the region surviving in-situ and are immediately underlain by thin bands of calcareous rock bearing volcanogenic clasts interlayered with marine marls that were dated using microfossils by Serrano (1990b) at about 16.5 Ma. The reason for the 1.5 Ma discrepancy with the microfossil age is unclear, but the tectonized state of the marl would make it difficult to recover a good-quality fauna. The water-lain tuffaceous bands (GR 599998 4100992) also contain fragments of dolomite and red siltstone of the Maláguide basement rocks, and redeposited amphiboles that yield an age of 20 Ma (Burdigalian, Scotney et al., 2000) . Thus there is evidence of some surficial volcanic activity at the same time that the basement complexes were undergoing active extensional tectonics. The base of the thin (20 m) band of Burdigalian marls makes an unconformable contact to the NW with Maláguide basement rocks and can be traced from the coast at GR 601540 4101880, some 7 km southwestwards to GR 596484 4098940, where it is overstepped by stratigraphically overlying volcaniclastic rocks. At various points along the outcrop of the stratigraphic top of the Burdigalian marl, small clasts of pyroxenite and cumulate gabbro were found (e.g. GR 598184 4099988), which may have a lower-crustal origin. These are inferred to have been ripped from the walls of the igneous conduits at an early stage in the evolution of the volcanic complex.
The volcanic rocks adjacent to the coastline consist of thick (up to 50 m), often irregularly shaped volcaniclastic units (lahars, agglomerates, extrusive lavas and minor intrusives), but it is clear that they are sharply tilted to the vertical (and locally overturned) against the SE side of the CFZ, suggesting that the CFZ has a transpressive character (Fig. 7) . Serrano (1990a,b) reported a microfossil age of U. Langhian/Serravallian (13.5 Ma) from vertically-tilted marls interlayered with volcaniclastic rocks at GR 595476 4098188, which is consistent with the inferred structure of the volcaniclastic series to the south of the CFZ, and implies that the first movements on the CFZ did not start prior to the mid-Serravallian stage.
Stratigraphy of the volcanic rocks: the younger group
Within the volcanic sequence is a substantial angular unconformity that is well displayed on the beach at La Galera (GR 599668 4096968), at GR599632 4098480 and GR 594852 4097380 (Figs. 8 and 9). The volcanic rocks above the unconformity are usually more strongly red-weathering than those beneath, which are often grey-green weathering with a stronger tendency to hydrothermal alteration. The red volcaniclastic rocks are less severely tilted against the southern edge of the CFZ.
The younger volcanic series includes the Brèche Rouge (Serrano and Gonzáles Donoso, 1989; Uwe et al., 2003) , characterized by volcaniclastic breccias with the inter-clast volumes infilled with a pink, muddy carbonate matrix rich in micro-and macrofossils that yield mid-Tortonian ages (8e9 Ma). These breccias are welldisplayed at GR 594824 4097400 and 598228 4095592. However, 40 Are 39 Ar ages on amphiboles suggest a substantial part of the volcanic rocks of the Carboneras area accumulated between 13 and 10 Ma (Fig. 3) , that is mid-Serravallian through mid-Tortonian time. The earliest younger (red) volcanic rocks are tentatively ascribed to ages 11 or 12 Ma (mid-Serravallian) and younger, and this unconformity is inferred to date the start of the main movements on the CFZ, because all older volcanic rocks are tilted to the vertical against the fault zone or are cut by it. The younger volcanic rocks overstep the base of the older volcanic rocks, onto the underlying, up-tilted Maláguide basement rocks, only to be truncated by the fault rocks of the southern strand of the CFZ (at Cerro de Don Fernando, GR 599320 4100828). Fault movements therefore continued after 10 Ma. It seems likely that that the base of the red group is not everywhere of the same age in the region. This is illustrated by the tract of country between GR 594836 4097612 and 597152 4097824 that lies in the outcrop of the older volcanic rocks and is very strongly hydrothermally altered. It hosts the gold mineralization of El Palaín and La Islica (GR 595452 4097160 and 596368 4097304) (Morales Ruano et al., 2000; Carrillo Rosúa et al., 2002) . A few 100 m west of El Palaín mine, prominent red outliers of the younger (Brèche Rouge lithotype, 9 Ma), unaltered volcanic rocks outcrop on top of the hydrothermally altered rocks.
Measured ages from the igneous intrusions into the fault zone range from 12.5 to 8.8 Ma and seem to be broadly coeval with the main period of movement of the CFZ. Waning volcanic activity continued until 6.5 Ma (L. Messinian), when 1 km east of El Argamasón there was an overstep by a thin (50 m) layer of volcaniclastic rocks right across the CFZ and towards the north-west, where they are buried beneath younger Messinian and Pliocene deposits. Otherwise, the volcanic rocks are now entirely confined to the southeast of the CFZ.
The post-orogenic sediments
We base our description of the stratigraphy upon formation names used by Fortuin and Krijgsman (2003) and Van der Poel (1992) for this area, but with some modification. The stratigraphic scheme for the area, emphasizing the differences in sequence to the north and south of the CFZ is shown in Fig. 9 .
Whereas to the south-east of the CFZ post-orogenic sedimentation began at 18 Ma (Burdigalian), to the north of the northern strand of the CFZ the oldest sediments are U. Serravallian/L. Tortonian marls (Saltador Fm., 11 Ma and younger, based on microfossil evidence, Van der Poel (1992) , Huibregtse et al. (1998) , Fortuin and Krijgsman (2003) ). They outcrop around the village of El Saltador (GR 595232 4098872) and sit with unconformity on basement schists and dolomites that were previously affected by some fault activity (Fig. 7) . They are broadly equivalent to the Chozas Fm of the Sorbas basin (Mather et al., 2001) . Thin turbiditic sands occur in the upper part of the Saltador Fm (GR 594644 4098688), and the basal part is locally sandy (GR 594072 4097840) . At the latter locality these rocks are cut by an andesitic dyke that gives a 40 Are 39 Ar age of 10.5 Ma (Fig. 3) . 20 km further west towards the town of Nijar, but still north of the CFZ, the oldest post-orogenic rocks lying unconformably upon the basement units appear to be slightly older (Serravallian, Serrano, 1990a,b) . Rocks of the Saltador Fm. are strongly deformed into upright isoclinal folds on the order of 200 m wavelength, trending about 10 closer to east-west than the faults of the CFZ (Fig. 3) , and plunge gently to the west-south-west. The faults of the CFZ cut the folds, for example the synformal inlier of rocks of the Saltador Fm lying immediately to the south of Cerro del Marqués (GR 596942 4099982) that is cut by Fault A to the NW and the CFZ northern strand to the SE. This synform is also cut by several andesitic dykes. Slivers of the Saltador Fm marls and sandstones are strung out along the northern strand of the CFZ from this synform for a distance of 5 km to the NE (Fig. 4) .
The Saltador Fm is overlain unconformably by high energy, fossiliferous beach sands (Azagador sandstone of the Turre Fm of Völk and Rondeel, 1964) that overstep the Saltador Fm to the north to rest directly on basement metamorphic rocks. This is a regionally important unconformity, that can be traced west and north over the antiformal arch of the Sierra Cabrera to south side of the Vera basin (Booth-Rea et al., 2004) . The Azagador sandstone passes upwards into a marly member, and they (U. Tortonian/L. Messinian) are locally unconformably overlain by the Abad marl (L. Messinian), which is rich in marine microfossils. At the western end of the area mapped, where the Abad marl oversteps directly onto the Azagador sandstone, the most detailed stratigraphic studies of the Abad marl have been reported , and perhaps for this reason the Azagador sandstone and the Abad marl have previously been grouped together as members within the Turre Fm. However, the unconformity at the base of the Abad marl (7.2 Ma, Krijgsman et al., 2001; Sierro et al., 2001) means that it cannot be grouped with the Azagador sandstone therefore we will regard it as a separate formation. The Abad marls have received a great deal of attention because everywhere they show a characteristic cyclicity, with 55 alternating hard and soft bands that are attributed to astronomically controlled variations in regional climate .
The Abad marls pass upwards (6.0 Ma, Krijgsman et al., 2001 ) into the middle-Messinian Yesares Formation, which is dominated by massive selenitic gypsum, produced by evaporation during the Messinian desiccation of the Mediterranean basin (Van der Poel, 1992; Martín et al., 1999; Krijgsman et al., 2001; Fortuin and Krijgsman, 2003; Braga et al., 2006) . The evaporites are of laterally variable thickness, and are sometimes replaced by collapse breccias (e.g. GR 593584 4097868 and 592243 4097999). On the south-eastern side of the CFZ near El Argamasón (GR 591756 4095020) the Yesares Fm dips towards the south-east, and rests directly on L. Messinian volcaniclastic rocks instead of on Abad Marl. Some 2 km further north, the Messinian volcanclastic rocks are missing, and the Yesares Fm rests directly upon Abad marl.
The Messinian gypsum deposits have never been buried sufficiently (about 1 km) to cause dehydration, as evidenced by the preservation of the primary evaporitic textures. In contrast, the gypsum patchily found interbedded with Triassic dolomites and siltstones has been through burial, dehydration and the Alpine orogenic cycle, resulting in strongly deformed gneissose fabrics being produced.
The gypsum deposits of the Yesares Fm. are overlain by the Feos Fm (U. Messinian, 5.67 Ma, Krijgsman et al., 2001) , dominated by white, well-bedded marls with a distinctive black, Mn-oxide rich horizon at the base. These have a much more restricted fauna, and have been interpreted as representing emergence and the transition to continental conditions, as implied by the name 'Lago-Mare facies' (Fortuin and Krijgsman, 2003) . Whilst there is great variation in facies and depositional conditions represented by the sequence of Messinian formations e Abad, Yesares and Feos, from the point of view of the influence of the package on structural geometry they are almost conformable to each other (Fig. 9) .
Whilst the Tortonian rocks of the Saltador Fm show the effects of tight to isoclinal folding almost everywhere, the younger sedimentary units are also affected by significant folding. At GR 594276 4099102, between the villages of El Saltador and Cueva del Pájaro, post-orogenic sediments of the overlying Azagador Fm that are affected by folding can be seen resting unconformably upon basement schists bearing pre-existing fault gouge zones. To a large extent, the folding in the cover rocks is thought to be accommodated by movements along small fault slivers in the basement rocks, producing bend folding. However, there is also evidence of NW-SE directed shortening in the cover rocks because within the Azagador Formation (e.g. at GR 594590 4099098 and 594546 4098714) a weak tectonic cleavage, axial planar to the host fold, has formed by mechanical rotation of lithic fragments of schist within the mechanically weak and porous sandstone.
The Messinian units are also locally affected by significant folding (Fig. 3) in addition to being arched over the trace of the CFZ. In the west-central part of Fig. 3 the Abad marls and the Yesares gypsum are folded into an east-west trending synform-antiform pair (centred on GR 591856 4098088) with vertical axial surfaces and half-wavelengths of around 200 m. At this locality the antiform is almost isoclinal in the Abad marl, with many metre-scale minor folds, but becomes less tight further west and east. It is not clear what has caused these folds to develop, for this area is 2 km away from the immediate influence of the CFZ. Their development may be influenced by displacements on other, then-active faults in the basement that are not directly seen, but they testify to continuing NNW-SSE shortening through the Messinian.
A marked angular unconformity separates the Messinian formations from the overlying Pliocene rocks, that represent a marine incursion at the base (4.8 Ma), followed by several hundreds of metres of fan-delta sediments that record emergence and uplift.
To summarize the history of the post-orogenic sediments north and west of the CFZ (Figs. 4 and 9 ): there are 4 major unconformities : On Fig. 4 these unconformities and the main strands of the CFZ are highlighted.
Towards the northwest, these unconformities are clearly a consequence of the episodic uplift of the Sierra Cabrera lying to the north as an antiform from latest-Tortonian time onwards, but along the trace of the CFZ these unconformities are due to coeval episodes of uplift of the basement rocks of the fault zone (see map (Fig. 4) , cross sections (Fig. 7 ) and the stratigraphic scheme (Fig. 9) ). Each of the main units bounded by unconformities at the base is progressively less severely arched over the CFZ. Thus the overall shape of the outcrop pattern of the post-orogenic sediments from the CFZ north-westwards is dominated by the SW plunging antiformal arch over the CFZ, and the SW plunging synformal zone in the sedimentary cover, extending south-westwards from El Saltador.
The uplift of the CFZ that is recorded by the unconformities in the post-orogenic sediments in the study area is also recorded in the decreasing impact of strike-slip fault displacements in the same rocks. The only effects of discrete fault displacements on Pliocene rocks are at GR 592912 4095636 (2 km east from El Argamasón, GR 591104 4095384), where Pliocene sediments are displaced against Messinian gypsum. Although the amount of offset is unclear, it cannot be more than tens of metres horizontally and vertically. There is some indication that locally the younger Pliocene rocks overstep the fault contact. However there is an important general uplift and emergence during Plio-Quaternary time recorded by the distribution of topographic height of these systems and river terracing (Martin et al., 2003; Maher and Harvey, 2008) , and this is modulated by the localized arching of Pliocene rocks over the CFZ, which must be related to movements on the CFZ.
From the Serrata ridge and further SW along the CFZ outcrop a number of studies have drawn attention to apparent left-lateral stream offsets (Boorsma, 1992; Bell et al., 1997; Reicherter and Reiss, 2001) , submarine offset features (Grácia et al., 2006) , and displacements of beach deposits (Bell et al., 1997) and these have been interpreted in terms of relatively recent activity of the faults of the CFZ and the trans-Alborán shear zone. They may point to a migration of activity towards the SW with time.
Geological structure and history of the basement rocks south of the CFZ
The pre-CFZ history of the basement rocks south of the southern strand of the CFZ developed in a region relatively further southwest, laterally separated from rocks north of the fault zone by whatever is the total displacement on the CFZ. There are three tracts (Fig. 4.) of outcrop of these rocks: (a) NW of the village of El Llano de Don Antonio, (b) on the south side of Rambla Cajón, (c) the tract between Cerro de Don Fernando and Playa La Manaca. Each of these tracts displays similar lithological and structural features, and all are truncated to the NW by the southern strand of the CFZ.
The section along the Granatilla river, 1 km south of the village of Sopalmo, is probably the most frequently visited section through the CFZ (Fig. 10) . To the SE of the CFZ southern strand, older volcaniclastics dating from 18 Ma sit unconformably upon Burdigalian marls. The latter in turn make unconformable contact downward with heavily fractured Triassic dolomite, that passes downwards into red siltstones and sandstones. This sequence is locally tilted to the vertical, and overstepped by younger (10.5 Ma) volcaniclastics of the younger series. All of these rocks are truncated by the CFZ southern strand, which was therefore active post 10.5 Ma. On the coast a tectonic sliver of Palaeogene conglomerates, limestones and limestone breccias is interposed between the Miocene rocks and the Triassic basement rocks. This relationship is also seen at both of the outcrop tracts (a) and (b) further south-west.
The red siltstones make a tectonic contact with underlying phyllites that are generally intensely damaged and transformed into fault gouge, that must have developed prior to the CFZ faulting, but which also produces very similar fault gouge. The older, phyllite-derived gouge was probably formed in connection with the emplacement of the Alpujárride rocks onto the Nevado-Filabride basement. It is likely that the displacement of the red siltstone plus dolomite unit onto the underlying basement rocks also transported the then gently-dipping, unconformably-overlying Burdigalian marls and volcaniclastics. The older volcanic rocks and the underlying basement were tilted to the vertical prior to deposition of the younger (Serravallian/Tortonian) volcaniclastics, presumably as a result of transpression across the CFZ. At 9 Ma the large andesitic intrusion that meets the coast at Playa La Manaca was emplaced adjacent to the CFZ southern strand and, from the disposition of outcrops, inflated the anticlinal core into which it was intruded, disrupting the units in its roof. Although the SW limit of the outcrop of this intrusion does not extend into the Granatilla valley, high resolution seismic profiling (S. Nippress, pers. comm. 2010) in the valley shows that it is present at a shallow depth beneath the valley bottom. At depth, the CFZ may be intruded by substantially more andesitic intrusive sheets than are seen at the surface. At the SW of the map area the northern strand of the CFZ terminates where it runs into a wide intrusion that has localized along the fault zone. The first post-orogenic sediments to be preserved (U. Serravallian/L. Tortonian Saltador Fm, marine marls and sands) were deposited upon and to the north of the CFZ. These were immediately displaced and folded as the main CFZ movements took place. The CFZ was used as a conduit for the transport of magma to the surface, forming dykes and larger intrusive bodies along the fault zones, cutting the sediments of the Saltador Fm, and presumably forming minor eruptive centres along the fault zone. All eruptive material that might have been deposited north of the CFZ has now been removed by fault displacements. (c) The U. Tortonian/L. Messinian Azagador sands then marls were deposited with unconformity, overstepping onto basement rocks to the north. They were removed by erosion as a result of transpressional uplift over the CFZ, and became tilted towards the south as the uplift of the Sierra Cabrera basement block to the north began. (d) The Messinian sedimentary sequence was deposited unconformably above the Azagador Fm, and now forms a broadly synformal structure with the antiformal uplift over the CFZ to the south and arching over the emerging Sierra Cabrera to the north. Relatively minor strike-slip movements on the CFZ affected the Messinian and younger rocks. (e) Assuming a minimum displacement on the CFZ of 15 km, the minimum average displacement rate on the CFZ was 2.5 mm/yr. Several hundred metres of Pliocene rocks, marine then transitional to continental as uplift developed, were deposited unconformably over the whole region, both north and south of the CFZ. In the north they dip gently to the south as a result of the continued uplift of the Sierra Cabrera basement block and further south locally they arch over the CFZ as a result of continued transpression.
The CFZ as part of a stretching transform system
Recalling the geodynamic model for the Serravallian-Recent evolution of the Betic-Alborán region in terms of slab rollback Fig. 10 . Probably the most frequently visited exposure of the southern strand of the CFZ in the Granatilla river (GR 599906 4101211), looking ENE in relation to the geological cross section (DeD 0 on Fig. 7) . The southern strand of the Carboneras fault is the grey, 5 m wide, graphitic mica schist-derived gouge band on the left, in contact with basement schist. To the right of the gouge band is highly tectonized Burdigalian marl mixed with volcaniclastic material (yellow). Far right is a sequence of vertically-oriented volcaniclastic rocks, Burdigalian marls, Triassic dolomite (forming the prominent ridge) and a wide band of red siltstone. These units are truncated by the Carboneras fault at the top if the valley, but also tectonically overlie the wedge of older fault gouge that pre-dates and is cut by the Carboneras fault. A buried andesitic intrusion (based on shallow seismic reflection profiling and downplunge extrapolation of the intrusion exposed further N.E. on the coast) helps to form the downward widening wedge shape of the stack of units.
with the CFZ and its associated left-lateral strike-slip faults acting as a detachment zone (Fig. 2) , we can propose that the fault system behaves as a stretching fault (Means, 1989) , or as a velocity discontinuity in an otherwise continuous plastic flow field (Odé, 1960) . The concept is illustrated in Fig. 11 . The coupling of the fault system to the subducted slab means it can also be regarded as a transform fault. We do not know anything about the fault-parallel strain rate to the SE of the fault zone, but for preliminary discussion we will assume it to be zero. To the NW of the Carboneras fault system the crust is presumed to have become uniformly stretched at depth, but by discrete fault displacements in the upper crust. Stretching was parallel to the fault zone by about 50% (150 km) over 12 Ma. The fault accommodates the velocity discontinuity. At the same time the Africa-Iberia convergence continued, leading to the development of the folding that characterizes the Neogene rocks of the Carboneras area and the transpressional character of the CFZ.
As slab migration developed, the SW tip of the fault system would grow towards the SW. Thus we expect that the fault displacement history begins to develop from U. Serravallian time at its northeastern end, but that youngest activity should be seen at the south-western end. Strike-slip offset should increase progressively from zero at the NE extremity of the Alhama de Murcia fault, to a maximum of about 100 km beneath the Alborán Sea, then reduce rapidly to zero in the Rif mountains. Thus in the vicinity of Carboneras a left-lateral fault offset of about 40 km is expected provided the rocks to the SE have not been stretched. Although there is not direct field geologic evidence that the offset across the CFZ is more than 15 km, it can be noted that there is apparent offset of about 25 km between the Sierra Cabrera and Sierra Almenara (to the north-east) across the Palomares fault segment. The stretching transform model allows substantial and variable wrench displacements to develop along a fault zone whilst the relative displacements across the fault trace can decrease to zero at the fault tips, so there are no accommodation problems.
This model does not require that the stretching in the Betic-Alborán wedge remains uniform with time. It may have migrated south-west with time towards the thinner lithosphere, and in this respect there is some indication that current seismic activity, with a diffuse concentration along the left-lateral fault system, is greatest towards the north-African end of the trans-Alborán shear zone (Negredo et al., 2002; Martínez-Martínez et al., 2006) .
Conclusions
The structural geometry and geological history of the CFZ near Carboneras were determined through geological mapping and radiometric dating of volcaniclastic rocks that lie to the south of the CFZ and igneous rocks that intruded the fault zone coeval with its slip activity. South of the fault zone postorogenic sedimentation and calc-alkaline igneous activity began about 18 Ma BP and volcanism ended at about 6.5 Ma. All volcanic rocks are cut by fault displacements that began about 13 Ma and had largely finished by about 6 Ma.
North of the CFZ the oldest preserved postorogenic sediments date from about 11 Ma and eruptive igneous rocks are absent. Successive episodes of fault displacements and folding caused a series of four main unconformities in the sedimentary sequence to develop. Folding of the sedimentary rocks about EeW trending axes, including evidence for shortening across the CFZ and the antiformal arching of the Sierra Cabrera basement block to the north of the CFZ, is inferred to be a consequence of the continuing NW-SE convergence between Africa and Iberia. There is no direct evidence of NEeSW extension in the rocks the NW of the CFZ in the area mapped, but this is viewed as an accident of location, because low-angle extensional faults affecting upper crustal basement and cover rocks, such as are found elsewhere in the internal Betic domain, are only expected to outcrop occasionally.
The CFZ forms part of a 450 km long, segmented left-lateral strike-slip fault system interpreted to have acted as a lateral detachment or stretching transform. It separates the Betic-Alborán wedge of crustal metamorphic basement and its non-metamorphic cover rocks, extended NE-SW during upper Miocene time as a result of subducted slab rollback, from less or differently deformed rocks to the SE. This model suggests 40 km of lateral offset has accumulated in the vicinity of Carboneras, although there is direct geological evidence for only about 15 km of this.
We infer that slab rollback started with the onset of CFZ displacements (13 Ma), rather later than inferred by Lonergan and White (1997) , and extending over a lesser distance, but slightly earlier than inferred by Gutscher (2012) . The main phase of movement developed through the U. Serravallian and Tortonian stages (12e7 Ma) with calc-alkaline igneous activity, including intrusions into the developing fault zone. From the lower Messinian stage onward volcanic activity ceased and only minor strike-slip displacement activity is recorded, probably implying that the main rollback displacements had been completed by the end of the Miocene period. From the middle part of the Messinian stage (6 Ma through present) emergence and uplift are dominant effects in the Carboneras region, together with continued NWeSE shortening, including the antiformal uplifts of the basement blocks (e.g. Sierras Cabrera, Alhamilla, Los Filabres). Fig. 11 . Schematic illustration of a stretching fault that separates two blocks that have undergone different amounts of stretching strain parallel to the fault (after Means 1989) . The fault-parallel strain in the deformed block can be homogeneous, but the displacement across the fault increases away from the tip. Accompanying shortening across the fault is not precluded. The whole system can rotate relative to an external reference frame and local shear-induced counter-clockwise rotations of embedded or overlying material in the deformed block may be expected to arise.
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